Surfaces and interfaces of ferroelectric oxides exhibit enhanced functionality, and therefore serve as a platform for novel nano and quantum technologies. Experimental and theoretical challenges associated with examining the subtle electro-chemo-mechanical balance at metal-oxide surfaces have hindered the understanding and control of their structure and behavior. Here, we combine advanced electronmicroscopy and first-principles thermodynamics methods to reveal the atomic-scale chemical and crystallographic structure of the surface of the seminal ferroelectric BaTiO 3 . We show that the surface is composed of a native < 2-nm thick TiO x rock-salt layer in epitaxial registry with the BaTiO 3 . Using electron-beam irradiation, we successfully patterned artificially TiO x sites with sub-nanometer resolution, by inducing Ba escape. Therefore, our work offers electro-chemo-mechanical insights into ferroelectric surface behavior in addition to a method for scalable high-resolution beam-induced chemical lithography for selectively driving surface phase transitions, and thereby functionalizing metal-oxide surfaces. 2 1. Introduction:
Introduction:
The ability of oxides to endure extreme mechanical chemical and thermal conditions has been intriguing for researchers from a broad range of disciplines, e.g., earth science, nuclear engineering, space technology and dental care. [1] [2] [3] Subtle electro-chemo-mechanical balance at complex-oxide surfaces and interfaces allows the formation of phases with structural and functional characteristics that differ from the bulk. [4] [5] [6] The unique electric and magnetic properties of such phases arise from their divergence from stoichiometry, leading to variations in oxidation states of the participating ions. Hence, functional-oxide surfaces and interfaces constitute a rich platform for novel phases that are attractive for high-performance miniaturized electronic devices [7, 8] as well as for chemical catalyses. [9] Because ferroelectric oxides comprise regions with varying crystallographic and electric polarization orientations, there has been a growing interest in their outer surface and domain wall functionality, which is expressed as enhanced conductivity, [10] [11] [12] magnetism [4] and even superconductivity. [13] The chemical origin of such functional behavior is typically attributed to either oxygen vacancy dynamics [14] [15] [16] [17] or cation segregation, [18] while other studies look at the effects of intrinsic symmetry breaking. [4] Despite the accumulated knowledge on domain walls, the structure and behavior of ferroelectric surfaces, which are responsible for domain stabilization and are attractive for e.g. nano lithography [19] [20] [21] [22] [23] and catalysis, [9, [24] [25] [26] [27] has remained elusive. Specifically, the longstanding challenge in understanding how the surface mediates between the absence of electric and mechanical fields in the vacuum and the polarization, and strain in the bulk is not merely experimental or theoretical, but even conceptual. [28] Hence, computational methods that were developed to explain the electro-chemical [29] and electromechanical [30] atomic-scale interactions in ferroelectrics have been adopted to describe experimental observations of the surface behavior. For example, Tsurumi et al. [31, 32] combined dielectric measurements and DFT calculations to demonstrate that nanoparticles of the seminal non-toxic ferroelectric, BaTiO 3 organize in a core-shell structure that helps release strain. These authors suggested that the unit cells at the shell (a few nanometers thick) assume a cubic structure that helps mediate between the tetragonal symmetry of the core and the vacuum. Likewise, a collaborative experimental (STM) -computational (DFT thermodynamics) study demonstrated the stability of various titaniumoxide terminations during surface reconstruction in BaTiO 3 . [33] By contrast, although transition electron microscopy (TEM) provides us with significant input regarding domain-wall structure and functionality at the atomic scale, [34] [35] [36] [37] [38] [39] [40] such TEM characterization of the surface is lacking. Consequently, experimental or theoretical data regarding the surface formation and dynamics or even the surface structure, is absent.
Results and Discussion:
Combining advanced and conventional electron-microscopy techniques for structural, chemical and oxidation-state analyses with computational methods, we looked at the native chemical, ionic and crystallographic structure of BaTiO 3 in ca. 50-nm particles. Moreover, by increasing the dose exposure we used the electron beam to excite the surface, allowing us to image its real-time dynamics. Such particles are on the one hand large enough to be considered bulk-like, [31] while on the other hand they are thin enough to allow atomic-resolution TEM imaging. We demonstrate that the native surface of the tetragonal BaTiO 3 crystal is composed of a non-stoichiometric (i.e. high defect concentration) nearly cubic titanium oxide phase (TiO x , x≈1). We also show that by increasing the dose exposure of the material to the electron beam, the electron beam can be used for chemical patterning with sub-nanometer controllability. That is, using the electron beam as a source for exerting localized electric field and heat, we induced Ba escape contactless and expanded the native TiO x phase by will with nearly atomic resolution on the cost of the bulk BaTiO 3 . Our imaging methods allowed us not only to realize the Ba escape mechanism, but also to quantify the process.
To reveal the structure near the native surface, we imaged with high-resolution transition electron microscopy (HRTEM) the particles from both {100} and {110} zone axes (ZAs) as seen in Figures 1a-c and 1d-f, respectively. We also performed high-angle annular dark-field imaging (HAADF-STEM) from these ZAs (Figures 1c, f) , in which the brightness of each atomic column is proportional to the atomic weight squared ( 2 ), allowing us to deduce the chemical structure near the surface. The electron micrographs clearly show a difference between the bulk tetragonal BaTiO 3 unit cells and a ca. 1-nm thick terrace-like epitaxial structure of different chemical and crystallographic footprints. The HAADF images (Figures 1c, g ) indicate that although columns of both Ti and Ba appear clearly in the bulk region (oxygen atoms are too light to be detected in these images), the surface region contains only Ti columns and no Ba. A careful look at the surface in the HRTEM images, where the oxygen columns can be detected reveals neighboring columns with different contrast only from {110} ZA (Fig. 1e-h ) and not from the {100} ZA ( Fig. 1a-d) . Combining the information from the HAADF-STEM and HRTEM methods suggests that the columns are composed of alternating Ti-O columns that can be observed separately only from {110} ZA. Likewise, the inter-atomic distance is similar for both ZAs (eliminating the possibility of rutile or anatase structures). Therefore, we can conclude confidently that the native surface of the BaTiO 3 is a rock-salt-like titanium oxide. This conclusion is in agreement with our measurement of the Ti-Ti inter-atomic distance at the interface (2.09±0.005 Å, see Fig. 1b, f) , which is substantially smaller than in BaTiO 3 (3.99-4.04 Å [41] ) and is in agreement with the 4.18 Å lattice parameter of TiO [42] (we should note that this value is much smaller than e.g. the 5.54 Å lattice parameter of BaO). To support our chemical analysis, we used a novel microscopy system that allows us to perform atomic-resolution electron-diffraction x-ray spectroscopy (EDX) mapping [43] simultaneously with HAADF imaging at the same region. Figure 2 shows such cross-identification of the Ba, Ti and oxygen columns. Likewise, to further support our structural analysis, we used integrated differential phase contrast (iDPC) [44] imaging, which is a method that has recently been developed for mapping the location of individual atomic columns with very high accuracy (also simultaneously with the HAADF and EDX imaging). In this method, the contrast is proportional to the atomic weight (∝ Z), allowing for high detectability of heavy and light atoms alike (see the Experimental Section for more details about the iDPC and EDX imaging). Figure 2h shows the iDPC signal from a small area near the surface (same area as in Fig. 1c ), verifying the exact location of the rock-salt-like TiO x atomic columns (as well as of the perovskite BaTiO 3 structure). 
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We should note that the universality of the existence of a native TiO x layer at the surface of BaTiO 3 was confirmed by a large-area panoramic view (Supporting Information, Figure 3 ), while the appearance of a TiO x surface was observed in all the different BaTiO 3 crystals we examined (> 50 different crystals), including the five different particles that are presented in this paper. These crystals arrived from different sources and were prepared by different methods (see Experimental Section). Moreover, revisiting existing literature (e.g. Figure 5 from Zhu et al. [45] ), we believe that the TiO x surface has been observed previously, but the chemical and crystallographic structure have not yet been identified probably due to the lack of the novel imaging methods that have been used in the current study. Finally, the thickness of the native TiO x surface layer is ca. 1 nm suggests that there are only one to three monolayers, and hence this observation is in agreement with the previous observations of titanium-oxide termination in BaTiO 3 , [33] which typically cannot determine the exact structure of the inner layers. The deviation from TiO stoichiometry in a rock-salt structure (TiO x with 1.3 > x > 0.7) leads to high defect concentration. [46] Using the 3D nature of TEM imaging, we identified three types of defects at the very thin native surface: stacking fault, twinning and vacancies. These defects appear clearly in Figure   4 . Moreover, using electron energy-loss spectroscopy (EELS) signals, we were able to identify the chemical shift [47] of the Ti peaks between the ions at the bulk and the ions at the surface. This shift corresponds to the variations in the Ti oxidation state, while no shift was observed in either the Ba or O peaks. Figure 5 shows that the position of the Ti cation peaks recorded from the bulk BaTiO 3 corresponds to Ti 4+ . However, the signal recorded from the surface demonstrates that the peak shifts towards lower energies, indicating on the existence of Ti 2+ , as expected from the TEM imaging. [47] [48] [49] BaTiO3 bulk towards the Ti 2+ in rock-salt structure TiO surface. [47] [48] [49] The experimental identification of a TiO epitaxial surface for native BaTiO 3 indicates that TiO is a stable phase on the BaTiO 3 surface. Because the stability of heterogeneous thin films depends strongly on the interfacial interactions and cannot be directly predicted from their bulk stability, we perform ab initio DFT calculations to determine the stability of different surfaces on BaTiO 3 and to derive the stability map of this interface. To cover a large span of possible surface phases, we include all phases in the Ba-Ti-O 2 ternary system found in Materials Project [50] that can be epitaxially placed on BaTiO 3 (001)
surface. The energy of each phase P i is expressed in Equation (1).
Where E BTO+Pi is the total energy of BaTiO 3 with P i phases on the surface, and E BTO is the energy of the bare BaTiO 3 crystal. A phase is considered stable if none of the decomposition paths is spontaneous,
i.e., when for any other three phases P j , P k , and P l that satisfy Equation (2) .
where n j , n k , and n l are stoichiometric numbers, the following inequality holds in Equation (3):
where energies are calculated from Equation (1) . Similarly, two phases P i and P j could coexist if, for any other two phases P k and P l , as given in Equation (4) P + P → P + P
P i and P j have lower energy, as shown in Equation (5) Figure 6 shows that based on this method (more computational details can be found in Supporting Information), we not only show the stability of the native TiO x layer, but we also predict that a thicker layer may also be stable, while the stoichiometry (x) varies with the film thickness. This effect can be seen in the difference between the ternary diagrams of two atomic monolayers ( These results allow us to draw two main conclusions regarding the observed surface overlayers. 3 surface termination that show that under reducing conditions (i.e., when oxygen atoms are driven away), the Ba also goes away, leaving a Ti-rich level.
[33] Following the prediction that exciting the system can grow the TiO x phase, we used the electronbeam irradiation as a contactless source for such excitations at a length scale that is determined by the beam size. Because we knew that TEM imaging does not affect the surface, the attempts to excite the surface included increase of the electron-beam doses with respect to the doses that are used for TEM imaging. We then wanted to examine whether such chemical patterning can be performed also at higherresolution, using a smaller beam size. Supporting Information Video S1 and Figure 8 show real-time Thirty minutes after the exposure. The TiO is fully crystallized. Note that the area was not exposed to the electron beam after the irradiation caused by the EDX data collection, only for a brief moment during the readout of (b) and (c). The dynamic formation of the TiO layer (before crystallization) as a function of dose irradiation was imaged in HAADF mode as given in Supporting Information Video S1. The area that was exposed to high doses, from which the video was taken is designated in a green square in image (a).
We should note that the dose window for TiO x patterning is rather narrow as on the one hand, the energy should be higher than a certain threshold value that induces Ba escape. On the other hand, larger Yet, the quantitative data (e.g. Figure 7e -f) can be evaluated accurately even as a function of time, because it is based on spatial integration rather than on time integration.
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Conclusion
Our results can explain previous observations of a Ti-rich surface in BaTiO 3 crystals, [51] while the observed dynamic growth of the TiO layer under the electron beam supports earlier predictions of Ba escape from the BaTiO 3 surface, [33, 45] giving rise to enhanced surface reactivity. [52] The existence of cation-escape mechanisms near the surface, including as a consequence of electron-beam irradiation [53] as well as the effects of these mechanisms on enhanced surface reactivity has been reported recently in other ferroelectrics. [54] However, the exact phases of these surfaces have not been predicted or determined experimentally. Hence, we encourage future examination of the generality of the TiO x surface formation in other Ti-based ferroelectric oxides. It is possible that the presence of the cubic TiO x (or TiO x ) at the surface is in agreement with the hypothesis of Tsurumi et al., who suggest that the surface of the tetragonal ferroelectric must be cubic, for stabilizing the polar matter-air discontinuity.
Nevertheless, we see that the cubic surface is not the BaTiO 3 ferroelectric, but rather it is a chemically distinct phase, TiO, which can also be grown by will.
Similarly to mechanical mediation between the bulk and the vacuum, we would like to suggest a possible electric mediation between the ferroelectric crystal and the vacuum. Although the observed high defect concentration may be explained partially be the co-existence of TiO and Ti 4 O 5 , we would like to raise another potential explanation. Being a ferroelectric, the ions in the BaTiO 3 organize in dipole moments that give rise to the ferroelectric polarization domains. These polarization domains (that are switchable) should somehow be stabilized at the BaTiO 3 surface. The TiO x thin surface layer takes place between the air or the vacuum and the ferroelectric BaTiO 3 . Thus, the TiO x may serve as a dielectric mediator, which helps compensate for the built-in ferroelectric polarization in the BaTiO 3 , and hence effectively screens the polarization. TiO x is typically metallic around x≈1, and thus might not be considered as a dielectric medium in the first instance. However, although we cannot measure the TiO x surface resistance directly, we can assume that the metallic properties are suppressed significantly in ultra-thin films as can be deduced e.g. from the temperature dependence of electrical resistance of ultrathin cubic TiO films. [55] Thus, we would like to propose that the defects in the TiO x may help modulate the electric field locally for supporting the local polarization distribution along the surface of the BaTiO 3 .
Alternatively, the ability to pattern locally integrated epitaxial metallic TiO x electrodes may be helpful 14 for integrated ferroelectric electronics. In either case, the existence of off-stoichiometry metal oxide surface may be used for redox-based chemical catalysis. It is also interesting to note that thin epitaxial layers of cubic TiO have been characterized as superconductors with T C up to 7.4 K. [55] [56] [57] [58] Thus, the coverage of the BaTiO 3 crystals with a functional TiO x surface and the ability to pattern this phase locally may help nanoscale fabrication of superconducting-based technologies. Following the growing interest in electron-beam patterning, [59] we believe that it will be interesting to test whether this method of chemical patterning of surfaces by using localized electron beam may be applied also to other materials, with an emphasize on ternary metal-oxide phases, for enhancing their surface functionality.
Experimental Section:
We Figure SI2 for further details. We should note that during the initial alignment of the system for finding the desired zone axis, the particles were exposed to some irradiation. Based on Figure 7Figure 7, we estimate this exposure to be negligible, in particular for HRSTEM modes, were the area examined was mostly different than the area used for the alignment. Yet, in some case, minor contribution of the beam to enhance the native layer is possible.
The advantage of using simultaneously HAADF and iDPC is the complementary information they provide. The HAADF is very sensitive to atomic mass and less affected by non-uniform thickness in the sample. However, the contrast in the HAADF images is proportional to Z 2 . Therefore, when imaging together light with heavy elements by HAADF, the light elements are usually invisible.
The iDPC-STEM technique is sensitive to the electrostatic potential of the atoms, and the contrast in images is relative to Z. Using the iDPC technique drastically improves the detectability of light elements among heavy elements in the same image.
Computational and modeling: for detailed explanations regarding the methods used for the modeling and computational analysis presented in this work please refer to the relevant Section in the SI.
Supporting Information (SI)
Supporting Information is available from the Wiley Online Library or from the author.
Gebauer, U. Gerstmann, C. [65] http://opium.sourceforge.net.
Supporting Information (SI) Phases included in DFT calculation
In the case of epitaxial growth, the material should have a lattice plane that can match the BaTiO 3 (001) surface with small distortion, Figure SI1 a-b show the matched lattice plane of Ba 2 Ti 6 O 13 and Ti 3 O 5 , respectively. Based on this condition, we set the tolerance to be 10% and found 21 candidates from the full set of 154 materials in the Ba-Ti-O 2 ternary system in the Materials Project [50] database.
These materials with Materials Project IDs are listed in Table (1) . 
Details of DFT calculation
We put the relevant phases on top of four layers of BaTiO3 in the simulation cell. 15Å
vacuum is added in the z direction with a dipole correction [60] to cancel the artificial interaction between the system and its periodic images. The cell parameters in the xy plane are calculated from the BaTiO3 tetragonal bulk phase. During structural relaxation, the bottom two BaTiO3 layers are fixed and the rest of the layers in the cell are allowed to relax. A sketch of the supercell is shown in Figure SI1c . For all DFT calculations, we used the Perdew-BurkeErnzerhof functional revised for solids (PBEsol) [61] as implemented in the QUANTUM ESPRESSO package. [62] All atoms are represented by norm-conserving, optimized, [63] designed nonlocal [64] pseudopotentials generated with the OPIUM package, [65] treating the 5s, 5p, 5d, and 6s of Ba, 3s, 3p, 3d, and 4s of Ti, 2s and 2p of O as semi-core and valence states. 
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Video S1| Dynamic patterning of TiO at the BaTiO 3 surface (LINK). HAADF images of (100) BaTiO 3 surface during high-intensity electron-beam irradiation of 80 nA nm -2 at 200 keV for 590 sec (i.e. the EDX data collection that was presented in Figure 6e ). The video shows the evolution of the TiO layer during Ba escape and the formation of amorphous TiO layer before recrystallization.
Recrystallization occurred at the area that was intentionally irradiated, but when the beam was not directed at the area (and hence this process could have not been imaged).
Video S2| Violent evaporation of BaTiO 3 from the surface (LINK). HAADF images of (110) BaTiO 3 surface during high-intensity electron-beam irradiation of 270 nA nm -2 at 200 keV for 392 sec, showing a very fast amorphization that is associated with the Ba escape, followed by rapid evaporation of the Ti and O atoms from the BaTiO 3 surface, hence challenging the controllability of the TiO patterning.
